We analyzed perioperative strokes in 658 carotid endarterectomies with the purpose of explaining the pathogenesis from the morphologic aspect of the infarct on cerebral computed tomograms. All endarterectomies were performed with continuous electroencephalographic monitoring. Of the 42 ischemic strokes (6.4% of all endarterectomies), 34 could be studied. Seven infarcts were hemodynamically induced (five watershed infarcts, two patients with bilateral ischemia); all seven occurred during surgery. Twenty-three of the remaining 27 infarcts were within the territory of the middle cerebral artery (20) or anterior cerebral artery (three) and were probably of thromboembolic origin; 13 of these 23 occurred during surgery (57%). If intraoperative stroke was heralded by permanent electroencephalographic changes, these were not related to the moment of cross-clamping. In four patients the computed tomogram was normal. We believe these facts favor the hypothesis that thromboembolism is the most important factor in the pathogenesis of perioperative stroke associated with carotid endarterectomy under conditions of optimal cerebral monitoring. (Stroke 1989;20:324-328)
Despite the controversy about the safety of carotid endarterectomy, the pathogenesis of perioperative ischemic stroke has received only limited attention. The purpose of our study was to explain the pathogenesis by analyzing morphologic data on cerebral computed tomograms (CT scans) in patients with ischemic strokes during and after carotid endarterectomy. Previous studies have shown that the anatomic distr ibution of infarcts serves to distinguish thromboembolic and hemodynamic events. 8 -" Emboli generally give rise to infarcts within the territory of a main arterial trunk or its branches, whereas low-flow states are associated with watershed infarcts between these territories. In addition, we retrospectively studied intraoperative electroencephalograms (EEG recordings), especially with regard to the interval between the onset of EEG abnormalities and carotid cross-clamping.
Subjects and Methods
We reviewed 658 carotid endarterectomies performed in two hospitals; all procedures were carried out with intraoperative EEG monitoring, 406 from January 1982 until May 1987 at the University Hospital, Utrecht, the Netherlands, and 252 from June 1984 until May 1987 at the St. Antonius Hospital, Nieuwegein, the Netherlands. In the latter group an automatic EEG monitoring device as described by Pronk and Simons 1213 was used; these patients were shunted only if carotid cross-clamping resulted in moderate to severe asymmetry on the EEG. In the 406 carotid endarterectomies with conventional EEG monitoring, a shunt was routinely placed. In both centers nearly 40% of the endarterectomies were performed in asymptomatic patients.
We analyzed all perioperative ischemic strokes, which refers to those occurring from endarterectomy until discharge (usually 10 days after surgery) or until another operation. Strokes were considered to be major if the patient could no longer lead an independent life, measured as Grade 3 or worse on the modified Rankin scale. 14 We reviewed the available cerebral CT scans of patients with a new neurologic deficit after carotid endarterectomy. The morphologic aspect of the infarct was related to the neurologic deficit and categorized according to the classification developed by Ringelstein et al. 8 -9 Based on the studies of Zulch, 10 these authors distinguished infarcts of hemodynamic from those of thromboembolic origin. Watershed infarcts developing in the border zone between major vascular territories and subcortical terminal supply area infarcts in the territory of the medullary and/or lenticulostriate branches of the middle cerebral artery are hemodynamically induced. A more generalized and long-lasting diminution of the cerebral blood flow leads to bilateral parieto-occipital infarcts 15 or to selective damage to the middle cortical layer, resulting in laminar necrosis. 16 Infarcts in the entire or partial territory of a cortical artery are considered to be of thromboembolic origin. Thromboembolism to the stem of the middle cerebral artery may also produce extended lentiform nucleus infarction, in which the entire territory and not only the terminal supply area of the lenticulostriate arteries is involved. These deep cerebral infarcts can be distinguished from smaller, lacunar infarcts that are associated with lipohyalinosis of single lenticulostriate arteries. 1718 We reviewed EEG recordings from patients with an intraoperative stroke confirmed by CT scanning. The time between the onset of EEG changes and the moment of carotid cross-clamping was analyzed in relation to the CT scan findings. Special attention was paid to EEG asymmetry ipsilateral to the operated side. 1213 An obvious time relation between EEG asymmetry and clamping was considered to indicate hemodynamic problems since cerebral blood flow may be seriously impaired during clamping.
We calculated frequencies with exact binomial confidence limits. 19 We assessed the importance of thromboembolic stroke compared with hemodynamic stroke by calculating the relative ratio.
Results
The number of perioperative ischemic strokes in 658 carotid endarterectomies was 42 (6.4%, exact 95% confidence limits 4.64-8.53%); there were 22 minor strokes (3.3%) and 20 major strokes (3%). Mortality was 0.8%. In 34 cases (17 patients with a minor stroke and 17 patients with a major stroke) a cerebral CT scan was made after the onset of the neurologic deficit; in eight patients no CT scan was performed due to the limited scanning facilities. Table 1 summarizes the infarct types on CT scanning, the number of major strokes, and the number that occurred during surgery. Of the 32 patients with unilateral deficits, 23 had an infarct within the territory of either the middle or anterior cerebral artery, three had border zone infarcts, and two showed infarcts of both types; two patients had bilateral infarcts. Four patients demonstrated a neurologic deficit without CT scan abnormalities. Thirteen of the 23 infarcts within the territory of a main arterial trunk resulted in a major stroke; 13 occurred during surgery. No infarct limited to the border zones produced a major neurologic deficit, and all three developed intraoperatively. The two patients with bilateral infarcts died without regaining consciousness after the operation.
The 23 infarcts in single arterial territories, or 68% of the CT-investigated strokes, were considered to be of thromboembolic origin and the seven watershed or bilateral infarcts (20%) of hemodynamic origin; 12% could not be classified (the four normal CT scans). Of the 23 intraoperative strokes, 13 were thromboembolic (57%, exact 95% confidence limits 34.5-76.8%). A thromboembolic origin was attributed to 10 of the 11 postoperative strokes (91%, exact 95% confidence limits 58.7-99.8%). All seven hemodynamic strokes occurred intraoperatively (100%, exact 95% confidence limits 59-100%). The relative ratio of thromboembolic stroke vs. hemodynamic stroke was 3.29 (95% confidence limits 1.42-7.60). With conventional EEG monitoring, six hemodynamic strokes developed in 406 carotid endarterectomies compared with only one in 252 operations performed with automatic EEG monitoring.
Data from seven patients with an intraoperative stroke that was heralded by permanent EEG changes are summarized in Table 2 . In five cases CT evidence of a thromboembolic stroke could be established; three of these patients developed EEG asymmetry before clamping that did not eventually resolve after shunting. In only one of these five patients was asymmetry noted immediately after cross-clamping but without reaction to shunting. Two of the seven patients showed infarcts of hemodynamic origin on CT scanning; EEG asymmetry was not related to the moment of clamping. One of the two patients became severely hypotensive at the end of the clamping period.
Discussion
The perioperative stroke rates after carotid endarterectomy vary between 2% and 25% in published series. 126 Intracerebral hemorrhage accounts for only a small minority of these strokes (0.5-1% of all operations). 20 Cerebral infarction is therefore the most important complication and may be caused by thromboembolism or a low-flow state.
12 -2 '- 27 Cerebral blood flow may be compromised after carotid cross-clamping or as the result of hypotension, whereas perioperative embolization can be regarded as mainly a surgical problem. 7 Postoperative occlusion of the internal carotid artery may be asymptomatic or may result in either a hemodynamic or a thromboembolic infarct. 8 Our study showed a preponderance of intraoperative and postoperative thromboembolic strokes (68% of the CT-investigated strokes), which is expressed by the relative ratio of 3.29. Thirteen (57%) of the 23 thromboembolic strokes led to major disability compared with only one of the five nonfatal strokes of hemodynamic origin, although the difference was not significant. Perioperative embolization is a complication inevitably linked to the procedure of carotid endarterectomy itself, 7 which implies that this type of complication can be reduced only by the experience and skill of the surgeon, 28 although this is sometimes contested. 29 All postoperative strokes except one were considered to be of thromboembolic origin. It was not possible to establish the exact number of postoperative occlusions associated with these thromboembolic events as postoperative angiography or noninvasive studies were not performed in all patients. Other studies have demonstrated a low incidence of symptomatic postoperative occlusions (Sundt et therefore, most postoperative strokes in our study are probably the result of embolization from the surface of the operated artery.
The number of hemodynamic infarcts was limited (20% of the CT-investigated strokes). All occurred during surgery, which underlines the theoretical importance of optimal cerebral blood flow monitoring. Much attention has been given to the different methods of cerebral protection during carotid endarterectomy, especially with respect to carotid cross-clamping. 31 Cerebral function can be monitored with intraoperative EEG, 121321262732 -34 which indicates the need for a shunt by reflecting an insufficient cerebral blood flow. It is possible that more hemodynamic infarcts would have occurred without EEG monitoring, although this issue has been hotly debated.
353 * The protection may be strongest with automatic EEG monitoring; with this technique only one hemodynamic stroke developed in 252 carotid endarterectomies compared with six in 406 operations performed with conventional EEG and routine shunting. The comparison is compounded, however, because the surgical teams were also different.
Although hemodynamically induced bilateral infarcts may produce moderate to severe disability, 15 in our study the two patients with bilateral infarcts died. Unilateral hemodynamic infarcts usually result in mild deficits. 9 This is explained by the limited (sub)cortical area involved since hemodynamic infarcts develop in the border zones between major vascular territories or between the superficial and deep branches of the middle cerebral artery. 89 In keeping with this notion, four of the five unilateral hemodynamic infarcts in our study resulted in a minor stroke; the single major stroke occurred in a patient with both infarct types on CT scanning. The extent of the thromboembolic infarct in the territory of the middle cerebral artery in this patient could have been mainly responsible for the major deficit.
Four CT scans failed to show signs of infarction. This can be explained in two cases by the timing of the CT scan (within 3 days after the onset of the neurologic deficit) or by infarcts in the vertebrobasilar territory (in the other two cases). 37 Analysis of the interval between the onset of EEG asymmetry and carotid cross-clamping supports our conclusions concerning the pathogenesis of intraoperative stroke based on CT findings. Of seven patients with permanent EEG changes, five had CT evidence of a thromboembolic stroke; in only one of the five was a distinct relation between EEG asymmetry and carotid clamping demonstrated. In this patient, however, the asymmetry did not resolve after shunting, which makes a hemodynamic origin less probable. The other four patients developed a persisting EEG asymmetry unrelated to the clamping period, which implicates intraoperative embolization. Of the seven patients, two had a hemodynamic stroke on CT scanning. EEG asymmetry was also unrelated to the clamping period, although the hemodynamic origin could at least be confirmed in one patient who developed severe EEG asymmetry at the end of the operation after a prolonged period of hypotension.
Morphologic analysis of a cerebral infarct on a CT scan is the most direct method of establishing the pathogenesis of perioperative stroke in carotid endarterectomy, but most studies deal with the problem in a more indirect way. Rosenthal et al 24 found no significant difference in the intraoperative stroke rate between patients operated on with a shunt, without a shunt, and with only EEG monitoring; their conclusion was that ischemic infarction was caused not by insufficient collateral circulation but by technical imperfections leading to intraoperative embolization. Sundt et al 21 did not attribute intraoperative infarction to inadequate cerebral protection during carotid occlusion because shunts were used whenever doubt existed regarding the adequacy of cerebral perfusion. However, these authors explained the majority of postoperative problems as due to cerebral hyperperfusion resulting from enhanced cerebral blood flow after clearing the carotid obstruction combined with defective autoregulation. Finally, Steed et al, 25 who performed endarterectomy under local anesthesia, concluded that intraoperative stroke had to be caused by thromboembolism as a hemodynamically induced neurologic deficit should have been noticed immediately, especially during carotid cross-clamping.
In conclusion, our study shows that hemodynamic factors play only a limited role in the pathogenesis of perioperative stroke in carotid endarterectomy performed with optimal cerebral protection. Thromboembolism is the most important pathogenetic factor in stroke associated with carotid endarterectomy.
